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ABSTRACT

Patterns of the precipitation of low-energy electrons ébserved by
polar satellites have been examined as functions of substorm phase. Pre-
cipitation boundaries are generally identifiable at the low-latitude edge
of polar cusp electrén precipitation and at the poleward edge of precip-
itation in the pre-midnight sector (18-23 hrs. MLT). Both of these
boundaries move equatorward when the interplanetary magnetic field (IMF)
turns southward. Intense spikes of 2.3 kev electrons occurred in all
quiet (IMF south) or growth phase cases in the pre-midnight region. The
pre-midnight precipitation boundary remains at the same latitude on the
average throughout the growth and expansion phases. However, during the
expansion phase localized bands of intense 7.3 kev electrons are observed
in the pre-midnight sector. Near and just after midnight intense 7.3
kev precipitation occurs over ~ 10° of latitude with a clear separation
between lower latitude diffuse and higher latitude structured precipitation.
During the recovery phase the diffuse band of energetic electrons, which
first appeared near midnight, drifts through the morning hours to near
noon, producing the mantle aurora. The high-latitude boundary of these
drifting electrons occurs at higher latitudes for northward IMF and at
lower latitudes for southward IMF. During the post-recovery phase, with
northward IMF, the polar cusp and pre-midnight precipitation boundaries
are again found at their quiet phase locations, but the diffuse band of
drifting high-energy electrons continues to precipitate with the mantle
aurora excitation continuing throughout the several hours required for

the electrons to drift from midnight to noon.



The high-latitude precipitation boundary at 18«23 hrs. MLT is much
sharper in the growth and expansion phases than can be explained by any
observed plasma sheet gradients. It is concluded that a sharp boundary
to closed field lines exists in the tail, perhaps as an X-type neutral
line, throughout the growth and expansion phases. The statistical
stability of the high-latitude precipitation boundary indicates that the
postulated X-type neutral line is stationary in terms of the total flux

of closed magnetic field lines which it defines.

ii



INTRODUCTION -l -

Early studies of magnetospheric substorms were necessarily confined
to the polar magnetic substorm and the auroral substorm, which could
conveniently be observed with ground-based instruments. One might expect,
then, that experiments aboard low-altitude satellites and sounding rockets
would provide data most pertinent to understanding these phenomena orig-
inally defined from ground-based measurements, and which have been related
for decades to the bombardment of the upper atmosphere by charged particles.

Yet, one finds that the recent significant advances in our concepts
of substorm morphology on a magnetospheric scale have come predominantly
from experiments aboard satellites at large distances from the earth, and
that the majority of the pertinent experiments have measured magnetic

fields rather than pérticles (Fairfield and Ness, 1970; Aubry et al.,

1970; Lezniak and Winckler, 1970; Aubry and McPherron, 1971; Hones et

al., 1971).
Upon further investigation, one finds two principal reasons for
this course of development. First, the low-altitude substorm phenomena

are manifestations of a magnetospheric phenomenon (Coroniti et al., 1968)

with important observables at large distances. Second, the analysis
procedures for data derived from particle experiments from low-altitude
satellites have fallen predominantly into two categories: either indi-
vidual example passes are displayed to illustrate some particular feature

of the precipitation profile (Burch, 1968; Hoffman, 1969; Heikkila and

Winningham, 1971; Frank and Ackerson, 1971) or else rather gross statis-

tical analyses or averages of features are presented (Sharp and Johnson,

1968; Craven, 1970; Hoffman and Berko, 1971). 1In neither case does the

analysis pertain directly to substorm morphology.
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This course of events is primarily due to the limitations of particle
data obtained from low-altitude satellites. From a single satellite pass
during a substorm only a few-minute snapshot pertaining to the particle
precipitation pattern as a function of latitude at a particular local
time is obtained under uncontrolled and often unknown conditions. Sub-
storm development is rapid in comparison to a sequence of passes at the
same local time, so that the temporal development of a single substorm
cannot be followed. Finally, space-time variables cannot be separated.
Statistical analysis of the data can serve to separate gross spatial
features from some temporal effects. However, past statistical analyses
have concentrated on the spatial features and have mainly ignored the
temporal development of these features, at least on a scale applicable to
substorm temporal development.

In this paper we have attempted an analysis of data primarily from
the Auroral Particles Experiment aboard the 0GO-4 satellite (Hoffman and
Evans, 1968) in a statistical framework interpretable in terms of magneto-

spheric substorm morphology, both spatial and temporal.

SUBSTORM MODEL

To associate particle data directly with substorm morphology, it is
first necessary to define the key features of a substorm to which the data
will be associated. We divide a substorm into five phases and define these
phases in terms of the interplanetary magnetic field latitude or Z com-
ponent (in solar magnetospheric coordinates), auroral zone and polar cap
magnetic activity, and the configuration of auroral forms. 1In Table 1 a

summary of the criteria we have used in classifying the 0GO-4 data is
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given. Because heavy reliance was placed on the implications of auroral
zone magnetogramé, only those UT periods were used when fairly good local
time coverage was available around midnight. DPZ signatures in polar
cap and equatorial magnetograms were used in conjunction with interplan-
etary magnetic field data in determining the time of arrival of southward
field at the earth to distinguish the quiet and growth phases. All-sky
camera data were used only in confirming the distinction between growth
phase and expansion phase.

Although the expansion phase can be recognized from magnetograms alone,

there is now quite convincing evidence that it will not commence until
the interplanetary magnetic field remains southward for over an hour

(Arnoldy, 1971; Foster et al, 1971), although storm sudden commencements

often induce premature expansion phase omnsets (Burch, 1972a). We have
added a post-recovery phase, in which the conditions cited are identical
to the quiet phase, but which we will show is distinguishable by the
particle precipitation data.

In the context of this model we will consider primarily electron pre-
cipitation information with the following spatial separation; first on
the dayside at high latitudes, then in the pre-midnight sector, thirdly

at post-midnight hours, and finally through the morning hours to noon.

DAYSIDE
It is now generally accepted that magnetosheath particles penetrate
into the magnetosphere on the dayside and can be observed at low altitudes

(Heikkila and Winningham, 1971; Frank, 1971). Quite a number of low-

altitude dayside phenomena are apparently associated with these particles
(see Hoffman, 1972, for a summary). Since the lowest energy detector in

the Auroral Particles Experiment measured electrons in the high-energy
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tail of the cusp region electrons (or dayside soft zone) the location

of this region as a function of substorm phases could be studied. It

was previously shown thaﬁ the latitude of this precipitation grossly de-
pends upon magnetic activity (Hoffman, 1972). However, Burch (1972b) has
reported a systematic movement of the latitude of polar cusp precipitation
during the early stages of substorms. These results are summarized here
for completeness.

We interpret the low-latitude boundary of the cusp region electrons
as the last closed field line on the dayside (see Burch, 1972b, Figure
1 for an example), Any large change in latitude of this field line can
be attributed only to a change in the magnetospheric configuration,
specifically the number of closed field lines in the dayside magnetosphere.
It is not possible to lower the latitude of this precipitation by com-
pressing the magnetosphere. Burch (1972b) showed that the tilt angle
dependence of the latitude of this last closed field line was only 4° for
both seasonal and diurnal variations, and that during the quiet phase the
average latitude was ~ 77°.

However, he found that wuch larger changes in the location of the
lower latitude boundary occurred as a function of time into the growth
phase, or time after the interplanetary magnetic field turmned southward
(Figure 1). Since the only known cause for this variation is a decrease
in the number of closed field lines in the dayside magnetosphere, this
analysis provides a measurement on the rate of erosion of field lines on
the dayside. This rate is 1° every ten minutes during an average value

for the southward interplanetary magnetic field of 3y. Because it has
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been observed that the magnetic field intensity in the tail region away
from the plasma sheet increases during this phase, it is concluded that
these dayside field lines are swept back by the solar wind into the tail

(Fairfield and Ness, 1970).

This is the basic contribution to substorm morphology of the dayside
cusp region. During the expansion phase the region remains at the lower
latitude and returns to the quiet conditions during the recovery phase
of a temporally isolated substorm. This behavior has also been inferred
from observations of dayside auroras by Akasofu (1972) and in one case
from the measurement of the inward motion of the magnetopause prior to

the onset of a substorm expansion phase by Aubry et al., (1970).

PRE-MIDNIGHT

The behavior of particle precipitation patterns on the nightside is
much more complex. To date only during the period 18-23 hrs. MLT have
we been able to ascertain clearly the characteristics of precipitation
patterns for all phases of the substorm. 1In Figures 2 and 3 are shown
data from four passes of 0GO-4 in this local time interval during the
quiet, growth, expansion and recovery phases.

In Figure 2, auroral zone magnetograms for the midnight sector indi-
cate that quiet conditions existed before and during Orbits 2958 and 3312,
Data from the Ames magnetic field experiment on Explorer 33 are shown for
the period prior to and just after Orbit 2958. Due to an error mode which
occurred during this period, precluding measurement of the longitude of
the interplanetary magnetic field (IMF), it was not possible to transform

the vector magnetic field measurements from solar-equatorial (GSEQ) to



-6 -
solar-magnetospheric (GSM) coordinates. However, by assuming a worst
case IMF longitude and transforming the resulting vector, it is shown
that Ehe IMF was GSM northward for more than two hours prior to Orbit
2958, Electron fluxes for this pass were typical for these conditions;
that is, very low energy electron precipitation persisted to high latitudes
(on the average, about 79°) and there was no significant precipitation
of electrons at 7.3 kev (a typical energy for visual auroras).

Although the nightside auroral zone was also magnetically quiet
during Orbit 3312 (shown in the right-hand panel of Figure 2), there was
a significant difference in the latitude of the IMF for the previous hour
and in the electron precipitation pattern. Data from Explorers 33 and
35 show that the IMF turned southward near 0720 UT, became horizontal
near 0800, and again turned southward approximately 10 minutes before
the 0830 high-latitude pass of Orbit 3312. A slight negative X deviation
was apparent at Churchill at 0830 and the onset of the expansion phase 1is
evident in the College and Churchill traces approximately 20-25 minutes
later. The poleward boundary of electron precipitation'is found at
much lower latitudes during such conditions, here about 73-74°, Again,
no significant 7.3-kev electron precipitétion was present, There were,
however, significant fluxes of 2.3 kev electrons which occurred in a
band near the low-la;itude edge of 0.7 kev precipitation and in a very
intense spike in the higher-latitude region of 0.7 kev fluxes. This be-
havior has been observed in all quiet (IMF south) cases. Previously,

Frank and Ackerson (1971) also noted that narrow bands of intense preci-

pitated electrons, which they termed inverted V's, occurred in the
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evening MLT sector during periods of relative magnetic disturbance (Kp =
3 to 4+). Examination of magnetograms and IMF data has indicated that
several of the cases reported by Frank and Ackerson occurred during quiet
(IMF south) or growth phase conditions. The energy flux contained in

the high-latitude 2.3 kev spike in Figure 2 is approximately 16 ergs/
cm?sec kev at 2.3 kev and 7 ergs/cmzsec kev at 0.7 kev. This energy

flux is sufficient to account for the quiet auroral arcs which are often

observed in this MLT sector (see Ackerson and Frank, 1972).

The sharp contrast between quiet-time electron precipitation for
northward IMF and that for southward IMF shown in Figure 2 is typical of
all such cases encountered whether or not a subsequent substorm expansion
phase occurred. We are thus led to equate quiet (IMF south) conditions
with growth phase conditions and will hereinafter use these two designations
interchangeably. |

A typical example of the electron precipitation pattern during the
expansion phase in the pre-midnight hours is shown in the left panel of
Figure 3. As during the growth phase, a sharp poleward boundary of 0.7
kev precipitation is evident near A = 70°., However, during the expansion
phase localized regions of intense 7.3 kev electron fluxes are present,
extending up to, but never beyond, the sharp boundary of 0.7 kev precip-
itation. Again, the substorm phase was deduced by examining all available
nightside high-latitude magnetograms, thereby obtaining as complete a
representation as possible of the development of the substorm in universal
time, rather than in local time as seen by a single station. Note. in the

left-hand panel of Figure 3 that the Dixon and Chelyuskin traces show a
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near-simultaneous negative bay onset at approximately 1820 UT which we
interpret as the beginning of the expansion phase of the first of several
substorms. Leirvogur and Kiruna, in evening hours, experienced positive
bays initially and then rotated into the negative bay region. Although
a large negative bay was in progress at Leirvogur just as 0GO-4 passed
nearly overhead, this has not been used as a requirement for an expansion
phase designation. In the case of smaller substorms only weak positive
activity is often present under the satellite track while, near midnight,
a sharp negative bay onset has occurred. Such cases have also been de-
signated as expansion phase.

The observation of Ackerson and Frank (1972) of spatial coincidence

between an auroral arc and an inverted V structure in the evening MLT
sector was made during a period meeting our criteria for the expansion
phase. 1In Plate 2 of Ackerson and Frank a very sharp high-latitude
boundary of precipitation is apparent at all energies, which is consistent
with the behavior noted in Figure 3.

Also shown in the expansion phase example of Figure 3 are the latitude
regions in which the ratio of the flux of 2.3 kev electrons at ~ 0° pitch
angle to that at ~ 60° pitch angle exceeded 2, the value which Berko
(1972) has used as the criterion for field-aligned electron bursts. As
discussed below, field-aligned 2.3 kev electron bursts were found by
Berko to be a typical feature of the expansion phase passes.

Typical behavior late in the recovery phase with a northward IMF is
shown in the right-~hand panel of Figure 3. The precipitation pattern in

evening hours is much the same as during quiet (IMF north) conditions,
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with 0.7 kev fluxes extending to near 80° and no significant influx of
7.3 kev electrons.

In the 0GO-4 data, the most consistently observed characteristics
of the high-latitude electron precipitation patterns in the evening
sector (18-23 hours MLT) during the first four substorm phases which
can be related to substorm morphology are:

(1) the systematic variation in latitude of the high-latitude

boundary of 0.7 kev precipitation;

(2) the relative positions of the low-energy (0.7 kev) and high-
energy (7.3 kev) electron boundaries, which often coincide
during the expansion phase.

(3) the occurrence of significant fluxes of 7.3 kev electrons only

during the expansion and early recovery phases.

A study of the complete set of 1-1/2 years of 0GO-4 data in conjunction

with ground magnetograms, IMF measurements from Explorers 33 and 35, and

the published data of Frank and Ackerson (1971) resulted in 61 cases when

the substorm phase, IMF latitude and the 0.7 and 7.3 kev electron high-
latitude boundaries could behdetermined unambiguously. The results are
shown in Figure 4 for four phases of a substorm. All data points locate
the high-latitude boundary of 0.7 kev electron precipitation. For this
local-time sector a post-recovery phase is not distinguishable from the
quiet phase in the electron data. The open points in Figure 4 are from

0GO-4 data while the solid points were obtained from the published data

of Frank and Ackerson (1971) and Ackerson and Frank (1972). It is evident

from Figure 4 that:
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(2)

(3)

(4)
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all quiet phase electron boundaries for northward or horizontal
IMF were at A > 75°;

all quiet phase electron boundaries for southward IMF (i.e.,
growth phase) were at A < 740;

the expansion phase electron boundaries were in the same lati-
tude range as those during the growth phase; that is, the aver-
age of all boundary locations for early and maximum expansion
were 71.3° and 71.7°, compared with the growth phase average

of 71.5%;

the precipitation boundary was again found at higher latitudes
during the late recovery phase provided the IMF had turned
northward. There were two such cases when the boundary remained
at A < 75°, but one of these was associated with large and rapid

variations in the IMF direction.

We return now to the expansion phase behavior in pre-midnight hours

and the apparent stability in the location of the precipitation boundary

through the growth and expansion phases which was noted in (3) above. 1In

Figure 5 we have plotted the difference in latitude of the 0.7-kev and

7.3-kev high-latitude boundaries for the expansion phase and 18-23 hrs.

MLT. The two obvious features to note are:

oY)

(2)

at no time does the 7.3-kev precipitation occur at higher lati-
tudes than the 0.7-kev precipitation, and

there is a tendency for the 7.3-kev precipitation boundary to
lie at lower latitudes than the 0.7-kev boundary during the

early expansion phase.
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It appears that during the expansion phase the westward and northward
surge brings the more energetic or visual auroral electron fluxes up to
the 0.7 kev precipitation boundary. Furthermore, this boundary location
for all precipitation with energy > 0.7 kev seems to have been pre-
established during the substorm growth phase. However, this conclusion
is based on the location of the boundaries during the growth and expansion
phases averaged over a number of substorms, and cannot be verified by
data from successive passes during a single substorm.

The behavior of the precipitation noted in (1) and (2) above suggests
that the energetic expansion phase electron fluxes are produced by accel-
eration of a portion of the large reservoir of low-energy electrons which
are already being precipitated, rather than by impulsive injection of new
particles. Assuming that the origin of these high-latitude energetic
electrons is the tail plasma sheet, an obvious question to ask is what
stable feature exists in the tail both during the growth and expansion
phases to limit the latitude of precipitation. This question will be
considered further in the discussion section.

As previously mentioned in the discussion of the expansion phase
example (Figure 3), a typical feature of this substorm phase is the
appearance of field-aligned 2.3 kev electron bursts. Berko (1972) has
studied the occurrence of such field-aligned events for the 0GO-4 quiet,
growth and expansion phase cases plotted in Figure 4. For completeness
we repeat here his principal results:

(1) 1isolated field-aligned events were observed in five of the

twelve quiet (IMF north) cases analyzed;
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(2) no field-aligned events were observed in the six quiet (IMF
south) or growth phase cases;
(3) field-aligned events were observed in all expansion phase cases,
covering regions up to 4° wide in latitude in some cases.
(4) These field-aligned events tended to occur in the high-latitude

portion of the 0.7 kev precipitation region.

POST-MIDNIGHT AND MORNING HOURS

In contrast to the rather localized bands of 7.3 kev electrons observed
in the pre-midnight region, the expansion phase precipitation near and
just after wmidnight is intense and widespread, covering 10° or more in
latitude. This local-time difference in precipitation patterns between
the pre-midnight region (where positive bays predominate) and the mid-
night and post-wmidnight region (where negative bays predominate) has pre-
viously been pointed out by Burch (1972c¢). Figure 6 provides an example
of the expansion phase behavior near 3 hrs. MLT. As in the pre-midnight
region, sharp, coincident high-latitude precipitation boundaries occurred
for both 0.7 and 7.3 kev electrons. The most striking recurring feature
of expansion and recovery phase precipitation in midnight and post-midnight
hours is the separation between diffuse and structured precipitation,

occurring in Figure 6 at A ~ 69.5°.

Hoffman (1970) and Gustafsson (1972) have found evidence that the
intense diffuse band of auroral electrons injected near midnight during

the expansion phase drifts through the morning hours to or just beyond

noon, producing the mantle aurora. Further evidence for this expla-

nation is presented in Figure 7. During Orbit 6691, 0GO-4 crossed the
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auroral zone near 6.8 hours MLT about 15 minutes after the onset of a
substorm expansion phase, which followed an extended period of magnetic
quiet, In this pass, 0.7 kev electrons were observed from A :'73.5O to
79°, but no 7.3 kev precipitation was detected. In another example in
the right-hand portion of Figure 7, the development of a drifting band
of high-energy electrons, or hard zone, is clearly evident during the
successive orbits 6736 and 6737. Near 1845 UT, approximately 50 minutes
after the onset of the first of three negative bays at Chelyuskin, only

weak precipitation of 7.3 kev electrons occurred near 7 hrs. MLT in the

invariant latitude range 70.5° to 75°. No precipitation was noted at
lower latitudes. In the next pass, near 2025 UT, or 2.5 hours after the

onset of substorm activity, a broad band of 7.3 kev electron precipitation

° to 71°, where in the previous pass no

is apparent in the region A A 66
electrons were detected. Weaker, structured 7.3 kev precipitation was
still present at higher latitudes as in Orbit 6736. Because of its lo-
cation in latitude and structured appearance we identify this higher
latitude 7.3 kev precipitation as the high-energy tail of soft zone pre-
cipitation and not as drifting substorm-injected electrons.

In contrast to the electron precipitation in the polar cusp and pre-
midnight regions, which return to quiet condition patterns in the post-
recovery phase, the diffuse band of energetic electrons continues to exist
in the dawn and morning sector for several hours after a substorm. Two
examples of such post=recovery precipitation at approximately 9-10 hours

MLT are displayed in Figure 8. The electron data in Figure 8 were taken

from Frank and Ackerson (1971). The data shown on the left were taken

after the full recovery of substorm activity, while the pass on the right
occurred during a period between substorms. The diffuse band of energetic
electrons is evident in both cases, although its high-latitude boundary
is located several degrees higher in latitude in the example on the left

(when the IMF was northward) than in the example on the right (when the

IMF was southward).
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These examples clearly illustrate the dynamic nature of the various
precipitation regions and the need for specification of substorm phase
and IMF direction before any meaningful predictions of their locations
and extent can be made,

The statistical location of diffuse 7.3 kev electron precipitation
is shown in Figure 9. This drifting band of precipitation beginé to
appear at about 19 hrs. MLT, where it occurs in localized narrow bands or

inverted V's. It extends through the morning hours to noon, at increasing

latitudes, where it produces the sub-visual mantle aurora. An estimate

of the total energy contained in this diffuse precipitation is 3 x 1017
ergs/sec over a period of several hours, or a total single substorm energy
input of about 1021 ergs. Because the auroras that this precipitation pro-
duces are sub-visual, this energy input, which is comparable to that pro-
ducing visual auroras, is usually ignored in discussions of substorm

energetics.

SUMMARY

The results of this study are summarized in Figure 10 with five
illustrations, one for each phase of the substorm. (1) During the quiet
period, the dayside cusp region lower boundary lies at about 77°, and the
pre-midnight high-latitude boundary for all precipitation of > 0.7 kev
electrons lies at about 79°., There is no hard zone in the dawn and late
morning hours if no substorm has occurred in the previous few hours.
(2) The onset of the reconfiguration of the magnetosphere commences when
the IMF turns southward. The dayside particle data provide excellent
evidence for the subsequent erosion of dayside magnetic flux. The pole-

ward boundary for 0.7 kev electron precipitation on the nightside also
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moves to considerably lower latitudes, although whether this is a sudden
or gradual change has not been measured. (3) During the expansion
phase in pre-midnight hours, localized 7.3 kev precipitation is observed
to move up to, but never beyond, the 0.7 kev poleward boundary which was
established during the growth phase. Near and just after midnight, in-
tense and widespread 7.3 kev precipitation is observed over ~ 10° of lati-
tude up to a sharp poleward boundary which coincides with the 0.7 kev
boundary. A separation between diffuse and structured precipitation is
often apparent in this region, with at least the diffuse band of precip-
itation apparently occurring on closed field lines. (4) During the late
recovery phase, provided the IMF has turned northward, the dayside cusp
is again observed at ~ 77°, the poleward boundary of > 0.7 kev precipitation
in pre-midnight hours is again found at latitudes as high as, or possibly
higher than during the quiet period, and the diffuse band of high-energy
electrons which appeared on closed field lines near midnight begins to
drift through the morning hours. (5) We have added a post-recovery phase,
during which magnetospheric conditions are ghe same as during the quiet
period, except that the diffuse band of drifting high-ehergy electrons
continues to precipitate into the ionosphere from early morning hours to
near noon, producing the mantle aurora. The mantle aurora excitation
continues throughout the ~ 6 hr. period required for the 7 kev electrons

to drift from midnight to noon.

DISCUSSION

We return now to a consideration of the lowering of the high-latitude

precipitation boundary in pre-midnight hours and its apparent stability
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through the growth and expansion phases. For the elongated magnetic tail
configuration which exists during the growth phase, it is expected that
the field lines passing near the high-latitude precipitation boundary
A :,700) in the sector 18-23 hrs. MLT will extend into the region of the
tail plasma sheet. It appears then, that some stable feature exists in
the tail region during the growth and expansion phases to limit the lati-
tude of precipitation. Two possible candidates are a sharp plasma density
gradient or a boundary to closed field lines (lines threading across the
plasma sheet).

We first consider density gradients in the tail. The literature con-
tains very little information relating to the gradient of the plasma sheet

in the -Xggy direction. Burke and Reasorer, (1971) report decreases of intensities

by several orders of magnitude between 20 and 60 RE coincident with auroral
substorms or at the center of the tail at lunar distances during quiet
times. Density gradients in the -X,gy direction should be reflected into
gradients in the Z direction if we make the now common assumption that
plasma boundaries are aligned along magnetic field lines. While no growth
phase measurements of the thickness of the plasma boundary in the Z direc-
tion have been reported, Hones et al, (1971) have observed that (1) during
quiet times the plasma sheet particle density falls off gradually over a
AZ of about 2 Rg, and (2) during the substorm expansion phase, when the
plasma sheet is expanding, the boundary is sharper, with the particle
density gradient occurring over a AZ of only 2000 to 3000 km,

At high latitudes and low altitudes we can obtain a ''boundary thick-

ness' by observing the details of the cut-off of precipitation. 1In Figure
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11 we have plotted on an expanded time scale the 0.7 kev electron fluxes
across the high-latitude precipitation boundary for five of the six 0GO-4
cases associated in Figure 4 with quiet (IMF south) or growth phase con-
ditions. These boundaries are extremely sharp, with no indication of a
gradual decrease in intensity. The sixth case exhibited a complicated
boundary structure which extended over about a half degree in latitude.
Whether this was temporal structure or an indication of a wide boundary
region cannot be determined. Hence, we take the normal high-latitude
boundary to be ~ 0.05° wide. We will also assume a AZ thickness of
~ 2500 km during the growth phase on the basis of the similarity of the
high-latitude precipitation boundaries during the growth and expansion
phases reported herein as well as the observation of plasma sheet thinning

during the growth phase made by Aubry and McPherron (1971). A AX thick-

ness of several tens of Rg will be assumed based on the report of Burke

and Reasoner (1971).

We next look for consistency in the three 'measurements' of boundary
thickness through conservation of magnetic flux through the respective

boundaries:

¢ (high-latitudes) = & (AZ) = & (&X),

or

j;"’j70° B(earth) sin A cos A dAd@ = B(tail) AY AZ

00-AN

B(neutral sheet) AY AX,

where we assume that the longitude interval @, - @, = 15° maps into a

width AY = 3Ry in the tail (see, for example, Fairfield and Ness, 1970),
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and set B(earth) = 62,000y, B(tail) = 20v and B(neutral sheet) = %y, For
a AA of 0.05°, AZ should be 480 km, compared with a measured value of
~ 2500 km, and AX = 3.0 RE’ considerably less than any reasonably expected
gradient. However, for AZ = 2500 km, AX = 15.7 Rg, which is consistent
with the observations. Therefore, while the tail measurements are consis-
tent, the plasma properties do not reflect down to low altitudes.

However, it is of importance in this context that the boundary measured

by 0GO-4 is a precipitation boundary, and as such gives no information about

particles mirroring above the satellite altitude of about 700 km. There-
fore, any mapping of this boundary into a plasma sheet boundary at 18 Rp
(the vVela distance) is predicated on the existence of an efficient precip-
itation mechanism on the field lines considered. Although the process by
which plasma sheet electrons are precipitated is not completely understood,

some possible mechanisms (Kennel and Petschek, 1966; Sharber and Heikkila,

1972) require that the field lines must be closed in the sense that they
must cross the neutral sheet.

We next consider an X-type neutral line as a possible boundary to
closed field lines in the -Xggm direction. This growth phase neutral line
would produce a sharp high?latitude precipitation boundary more in keeping
with the observations in Figure 11. On the basis of the apparent stability
of this boundary through the growth and expansion phases it would define
the total flux of closed magnetic field lines and the total particle pop-
ulation active in an entire substorm. It follows that all substorm
associated precipitation would occur on closed field lines. Although a

growth phase X-type neutral line has not been directly observed in the tail
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region, such a configuration does provide a qualitative explanation for
the sharp precipitation boundary observed at low altitudes,

The conclusions of this study are illustrated in the diagrams of the
quiet, growth and expansion phase magnetospheres in Figure 12, drawn for
the noon and pre-midnight magnetosphere.

In the quiet phase the tail field is somewhat dipolar with field
lines originating at latitudes as high as 79° crossing the plasma sheet
relatively near the earth. Higher latitude field lines map into the high-
latitude tail where plasma densities are very low and eventually cross
the plasma sheet at very large distances where plasma densities are also

very low (Burke and Reasorer, 1971)., It is possible that an X~type neutral point

exists at a very large distance down the tail (> 60 Rg) during the quiet
phase (Russell, 1972), serving to define the boundary between open and

closed field lines which would determine the low-altitude precipitation
boundary. During the quiet phase the IMF is northward and the magnetosphere‘
is closed, with only a small amount of reconnection occurring across the

magnetopause (Forbes and Speiser, 1971; Al fvén and Falthammer, 1971), and

the dayside cusp lower boundary is located at about 77°,

In the growth phase, efficient dayside reconnection of southward IMF
and magnetospheric field lines occurs, dayside magnetic flux is carried
into the nightside magnetosphere, which is stretched into an elongated
tail-like configuration, and the magnetosphere becomes open. It is observed

that the plasma sheet thins during this time (Aubry and McPherron, 1971),

but it is not compressed (Hones et al, 1971)., Instead, plasma seems to

escape from the upper and lower portions of the plasma sheet which was

~ 6 Rg thick at 18 Rg during the quiet phase until it becomes only ~ 2 Rg
thick.
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Our observation that the precipitation boundary moves to lower lati-
tudes during the growth phase is explained by the establishment of an
X~-type neutral line at a lesser distance magnetically than the quiet phase
neutral line (if one existed). The actual physical distance cannot be
calculated by field line tracing from low altitudes or flux conservation
considerations using presently available magnetospheric models. The
growth phase X-type neutral line serves the dual purpose of a reconnection
mechanism for tail field limes (which is required for convection of eroded
dayside magnetic flux back to the day side) and a sharp boundary between

closed field lines and open field lines, which are connected to some

degree to the IMF. Plasma in regions of the quiet-phase plasma sheet

lying at higher latitudes than the field line passing through the growth-
phase X-type neutral line could then flow outward, escaping from the tail
in the anti-solar direction. Loss of these particles through precipitation
is less likely since they would be on open field lines and in a region of
weak magnetic field.

Under the influence of the increased cross-tail electric field,
particles on closed field lines would experience an E x B drift in the
directions indicated by the arrows in Figure 12. Above and below the
neutral sheet, where B ~ By, such a drift would carry the particles to-
ward the neutral sheet. Néar the neutral sheet, where B “’BZ’ the £ x B
drift would be toward the earth, producing the earthward movement of the
inner edge of the plasma sheet first observed by Vasyliunas (1968). We
stress here that, whereas it is known that X-type neutral points exist in

the tail (Schindler and Ness, 1972) and that they appear in conjunction
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with the expansion phase onset (Camidge and Rostoker, 1970) no further

studies of their existence as a function of substorm phase have been
reported.

During the expansion phase, the pressure distending the tail is re-
leased beginning at near distances (lower'diagram) by pfecipitation into
the atmosphere. The release of pressure allows field lines to collapse
to a more dipolar shape and accelerates particles by Fermi and betatron
acceleration (Northrop, 1963). The pressure release region would travel

to larger distances, perhaps in the manner proposed by Coroniti and Kennel

(1972) until plasma on all field lines closing within the neutral line has
been affected. This outward motion of pressure release by precipitation
would produce the northward surge which would be bounded in its poleward
motion by the precipitation boundary pre-established in the growth phase
by the X-type neutral line. Although our measurements contain no infor-
mation about the physical motion of the postulated neutral line during
the expansion phase, they do indicate that, on a statistical basis, the
neutral line is stationary in terms of the total flux of closed magnetic
field lines which it defines. However, from the magnetic measurements

of Fairfield and Ness (1970) and Camidge and Rostoker (1970),it is more

likely that the neutral line physically moves in (accompanied perhaps by
the formation of other neutral lines) rather than out (as proposed by
Russell, 1972), since an outward movement would tend to decrease rather
than increase B, in the tail.

During this dynamic phase, local potentials could build up, producing
field-aligned currents as observed by the 0GO-4 Auroral Particles Experiment

and many other experiments (Berko, 1972). Strong pitch-angle scattering
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and the multiplicity of processes would make difficult the unique indenti-
fication of acceleration mechanisms through particle observations alone.
Field lines which have already relaxed would contain energized particles
which would continue to precipitate in a more uniform manner by pitch
angle scattering to produce the more diffuse auroras at latitudes below
the active region (Figure 6). The electrons trapped on these field lines
would begin a magnetic drift to the morning hours, eventually producing
the mantle aurora.

Considerably more analysis is required to determine magnetospheric
topology on the basis of data acquired by low-altitude polar satellites,
Consideration must be given to the possibility that different regions of
the tail can be simultaneously in different substorm phases. Such a con-
sideration is crucial for understanding the magnetospheric topology and

dynamics of multiple substorms.
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TABLE 2.
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TABLE CAPTIONS
List of interplanetary and ground-based data used in the
determination of substorm phase. The designation N/A
indicates only that the particular type of data was not
used in the phase determination, not that systematic vari-

ations do not occur.

List of 0.7 kev precipitation boundary locations used in

Figure 4. *'s indicate data from INJUN 5 (Frank and Ackerson,

1971 and Ackerson and Frank, 1972). +'s indicate growth phase

cases which were verified with all-sky photographs taken at
Great Whale River and Churchill, Other growth phase cases
occurred on cloudy nights or at times when midnight photo-

graphs were not available.
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Figure 12: Possible magnetospheric configurations in the noon and pre-
midnight meridians during quiet times and the growth and
expansion phase of substorms based on the observed electron
precipitation patterns and the assumption of a neutral line

in the tail.



Figure 1:

Figure 2:

Figure 3:
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FIGURE CAPTIONS

Differences between the latitudes of observed lower boundaries
of polar cusp electron precipitation and the expected boundaries
(including tilt-angle effects) for 10 cases which followed
sharp onsets of southward IMF (taken from Burch, 1972b). Listed
alongside each point are (1) the average southward component
of IMF during the period between the onset of southward field
and the observation, and (2) for AA < 0, the ratio of magnetic
flux eroded into the tail to the southward magnetic flux brought
to the magnetosphere as deduced from flux conservation calcu-
lations based on each AA. The linear regression line represents

an erosion rate of ~ 0.1%/min.

Typical 0.7, 2.3 and 7.3 kev electron precipitation patterns
during quiet times with IMF northward and southward. In these
and all succeeding plots electron flux is in the units electrons/
cm?-ster-kev-sec. M's along the magnetogram traces indicate

midnight MLT. Explorer 33 and 35 IMF data are from the Ames

magnetometer experiment.

Typical 0.7 and 7.3 kev electron precipitation patterns during
the expansion phase and late recovery phase (IMF north) of
substorms for 18-23 hrs. MLT. Also shown in the expansion
phase example are regions where the ratio of the flux of 2.3
kev electrons near 0° pitch angle to that near 60° pitch angle
exceeded 2., These regions of field-aligned 2.3 kev electron

bursts were identified in the study by Berko (1972).
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A plot of the location of the high-latitude 0.7 kev electron
precipitation boundary for 18-23 hrs. MLT. Open points were
taken from 0GO-4 data -- solid points from the data of Frank

and Ackerson (1971) and Ackerson and Frank (1972). A list of

the passes analyzed is given in Table 2. Substorm phase was
deduced from all available magnetograms. Where possible the
quiet (IMF south) cases were further confirmed by examining

near-midnight all-sky camera pictures.

Plot of the difference between the latitude of the precipitation
boundaries at 7.3 kev and 0.7 kev observed by 0GO-4 during the
expansion phase cases plotted in Figure 4. The 7.3 kev boundary
is never found poleward of the 0.7 kev boundary and the two

boundaries tend to coincide in the late expansion phase.

A typical example of 0.7 and 7.3 kev electron precipitation
patterns during the expansion phase in post-midnight hours MLT.
Note the clear separation between the lower latitude diffuse

precipitation and higher latitude structured precipitation.

A set of 0GO-4 passes showing the development of the diffuse
band of drifting energetic electrons at ~ 7 hrs, MLT following

the substorm expansion phase.

Two examples of INJUN 5 electron data taken from Frank and

Ackerson (1971), showing the existence of the diffuse band

of drifting electrons at ~ 9-10 hours MLT following substorms

(dayside hard zone). In the example on the left the band



-3 -
Figure 8: extended up to A = 78° and terminated at an intense burst of
(Cont'd) low-energy electrons, which Frank and Ackerson identified as
polar cusp electrons. The IMF was northward during this pass.
In the example on the right, for a southward IMF, the high-
latitude boundary between the drifting electrons and the ad-

jacent polar cusp electrons was located at A ~ 72.7°.

Figure 9: Average location in A and MLT of 7.3 kev electron precipitation
observed on 0GO-4 irrespective of magnetic activity. This
data has been replotted from Figure 15 of Hoffman (1972).
In pre-midnight hours the precipitatfon occurs in narrow bands.
Near midnight, injection of intense fluxes occurs during the
expansion phase, producing a diffuse band of electrons which

drift through the morning hours to near noon.

Figure 10: Polar plots in A and MLT summarizing electron precipitation

patterns for the five substorm phases.

Figure 1l: Superposition of 0.29-sec. averages of 0.7 kev precipitated
electron fluxes across the high-latitude boundary for five pf
the six OGO-A.quiet (IMF south) cases plotted in Figure 4. A
complicated boundary structure occurred in the sixth case,
indicating a possible moving boundary. Although spikes of
precipitation are sometimes observed poleward of the boundary
(as in Figure 2) they are generally 2 or more orders of magnitude

less intense than the fluxes just equatorward of the boundary.
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